A B S T R A C T The contribution of the intrapulmonary lobar veins to the increase in pulmonary vascular resistance in response to sympathetic stimulation was studied under conditions of controlled blood flow in the anesthetized dog in which vascular pressures were measured simultaneously in the perfused lobar artery, an intrapulmonary lobar vein 2-3 mm in diameter and in the left atrium. Stimulation of the stellate ganglia at 3, 10, and 30 cycles/s increased pressure in the lobar artery and small vein in a stimulus-related manner but decreased pressure in the left atrium. Injection of norepinephrine into the perfused lobar artery also increased pressure in the lobar artery and small vein but decreased pressure in the left atrium. The increase in lobar arterial and venous pressure in response to either injected norepinephrine or to nerve stimulation was antagonized by an alpha receptor blocking agent. The rise in pressure in both lobar artery and small vein with nerve stimulation but not administered norepinephrine was inhibited by an adrenergic nerve terminal blocking agent. These results suggest that under conditions of steady flow, sympathetic nerve stimulation increases the resistance to flow in the lung by constricting pulmonary veins and vessels upstream to the small veins, and that at each stimulus-frequency studied approximately 50% of the total increase in resistance may be due to venoconstriction. It is concluded that the increase in resistance to flow in the lung in response to nerve stimulation is the result of activation of alpha adrenergic receptors by norepinephrine liberated from adrenergic nerve terminals in venous segments and in vessels upstream to small veins, presumed to be small arteries.
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INTRODUCTION
It has been established by anatomic, histochemical, and biochemical studies in most animal species and man that the pulmonary vascular bed is innervated by the sympathetic nervous system and that transmitter is present in large quantities in canine pulmonary arteries and veins (1) (2) (3) (4) (5) (6) . Although the sympathetic innervation of the pulmonary vascular bed appears to be extensive, the physiologic function of the vasomotor nerves in regulating the pulmonary circulation is uncertain. In 1896, Francois-Franck showed that nerve stimulation increased pulmonary arterial pressure; however, it was not possible from these experiments to determine if the increase in pressure was due to an increase in vascular resistance or an increase in blood flow (7) . Daly et al. (8) (9) (10) (11) have demonstrated that under conditions of controlled blood flow, stimulation of the sympathetic nerves to the lung consistently increases pulmonary vascular resistance. In contrast, other investigators found little or no increase in pulmonary vascular resistance in the perfused canine lung lobe in response to sympathetic stimulation but showed that nerve stimulation decreased the distensibility of the large pulmonary arteries (12) (13) (14) . In a recent study using a new right heart technique to perfuse the left lower lung lobe, we have been able to demonstrate in the dog that stimulation of the sympathetic nerves increases pulmonary vascular resistance in a stimulus-related manner (15) . In addition, this response was independent of changes in respiration, bronchomotor tone, and the bronchial circulation, and the response characteristics were similar when the lobe was perfused with pulsatile or roller pumps (15) . In other studies, it was shown that the increase in pulmonary vascular resistance in response to nerve stimulation, but not to injected norepinephrine, was antagonized by bretylium, an adrenergic nerve terminal blocker, whereas responses to norepinephrine and to nerve stimulation were inhibited by alpha receptor blocking agents (16 (8-11, 15, 16 In some experiments, end expiratory pressure was set at 3 cm H20.
The left stellate ganglion was approached by way of a left thoracotomy, and the nerve was carefully isolated and placed upon a shielded Harvard Electrode. The nerve was excited with square-wave pulses, 2 ms duration supramaximal voltage (10-18V) with a Grass model S48 stimulator and isolation unit (Grass Instrument Co., Quincy, Mass.). The nerve was stimulated at 3, 10, and 30 cycles/s for periods of 30-45 s, and the frequency of stimulation was randomized. In the five beagles, a Medtronic's angiostat (Medtronic, Inc., Minneapolis, Minn.) was placed around the left stellate ganglia, and the chest was closed. Three of the animals were returned to vivarium for 10-21 days after which time they were catheterized. The other two animals were studied on the same day after the chest was closed.
Norepinephrine (1- with pentobarbital 30 mg/kg i.v. and were sacrificed by bleeding. -Lung lobes were removed quickly, and segments of artery and vein 3-5 mm in diameter were isolated and carefully cleaned of surrounding tissue. The vessels were used immediately or stored overnight at 4VC in physiological salt solution. Responses to norepinephrine and other standard agonists were similar in fresh and cold stored vessels. Intrapulmonary vessels were also obtained from six patients after lobectomy for bronchogenic carcinoma. The physiologic salt solution contained 125 mM NaCl, 2.7 mM KC1, 1.8 mM CaCLs, and 11 mM glucose. The solution was vigorously bubbled with 100% oxygen and buffered at pH 7.4 with HC1 and Tham (Sigma Trizma base buffer, Sigma Chemical Co.) 23.8 mM. Helical segments 'of artery and vein 5-10 mm in width were mounted in 15-ml baths. One end of the segment was fastened to a stainless steel hook and the other to a Grass (FT03, Grass Instrument Co.) force displacement transducer. The strips were bathed in physiologic salt solution, bubbled with oxygen, and maintained at 37'C. The stretching force was 4 g for arteries and 3 g for veins. The vessels were allowed to equilibrate for 2 h before exposure to norepinephrine. Dose response curves were determined in a cumulative manner. All data were evaluated using methods described by Snedecor and Cochran for paired and group comparisons (19) . All values are presented at mean±SEM, and a P value of less than 0.05 was considered significant.
RESULTS
Sympathetic nerve stimulation. The effects of sympathetic nerve stimulation on mean vascular pressures in the dog are shown in Fig. 2 , and data from 13 experiments are summarized in Table I . Stimulation of the sympathetic nerves at 3, 10, and 30 cycles/s significantly increased pressure in the lobar artery, the small intrapulmonary lobar vein, the aorta, and the main pulmonary artery and significantly decreased pressure mml LOBAR V. in the left atrium. The increase in mean pressure in both lobar artery and small vein was stimulus related over the range of stimulus frequency studied, and a steady state was usually attained 20-25 s after onset of stimulation ( Fig. 2 and 5 ). The rise in aortic pressure was not well maintained during the period of stimulation after a peak had been reached (Fig. 2) . All vascular pressures returned toward control value after the stimulus was terminated. The effects of norepinephrine on vascular pressures were studied in these same dogs, and a record from one experiment is shown in Fig. 3 . Injection of 3 and 10 og norepinephrine into the perfusion circuit caused a significant increase in pressure in the lobar artery and in the small intrapulmonary lobar vein, the aorta, and the main pulmonary artery and caused a significant decrease in pressure in the left atrium (Table I ). All vascular pressures returned slowly to control value, and the rise in aortic pressure was greater and more regular with norepinephrine than with nerve stimulation (Fig. 2-4 ). In two other dogs, the effects of norepinephrine on pressure in two small veins and a large vein were evaluated. The rise in pressure in a small vein in the apex and in the base of the left lower lobe was similar, and pressure in the large vein tended to fall with the left atrium (Fig. 4) . The increases in pressure in the lobar artery and vein in response to the two doses of the sympathomimetic amine were graded, and the increments in pressure at 10 and 30 cycles/s were similar to increments at 3 and 10 ug, respectively (Fig. 5) . The effect of nerve stimulation and injected norepinephrine on mean pressure gradients across the lung in the dogs with acute electrode placement, in the present study, are summarized in Table II . Sympathetic nerve stimulation and norepinephrine injection increased the mean gradient from lobar artery to left atrium at each stimulus frequency and dose studied (P <0.001).
The mean increase in resistance across the left lower lobe was 25,34, and 43% at 3, 10, and 30 cycles/s and 35 and 42% at 3 and 10 Ag of norepinephrine. Nerve 0' NOREPINEPHRINE 109 FIGURE 4 Records from an experiment showing the effect of norepinephrine, 10 creased at each dose of the sympathomimetic amine and stimulus frequency studied when compared to corresponding controls (Fig. 6) . Infusion of the alpha adrenergic blocking agent significantly decreased pressure in the aorta but had no significant effect on pressure in the lobar artery, the intrapulmonary lobar vein, the left atrium, or the main pulmonary artery (Table  III) .
In the second group of dogs infusion of guanethidine, 0.2 mg/min, into the perfusion circuit produced a significant increase in pressure in the lobar artery, the aorta, and the main pulmonary artery. These pressures returned toward control value 20-40 min later and were not significantly different from control 50-60 min after the onset of the infusion (Table III) . The rise in lobar arterial and venous pressure in response to nerve stimulation was significantly decreased at 3, 10, and 30 cycles/s when compared to corresponding control values (Fig. 7) . The increase in pressure in the lobar artery and small vein in response to the 3-Ag dose of norepinephrine and the increase in pressure in the lobar artery with the 10-Ag dose of norepinephrine was not significantly different from control (Fig. 7) . The increase in pressure in the lobar vein in response to norepinephrine, 10 Ag, was significantly greater than control during infusion of the nerve terminal blocking agent (Fig. 7) .
The effects of saline infusion and passage of time on responses to norepinephrine and nerve stimulation were evaluated in another series of animals. The increase in lobar arterial and lobar venous pressure in response to nerve stimulation and injected norepinephrine was not significantly different when compared to control value 30-60 min after onset of infusion of physiologic saline, 0.1-0.2 ml/min, the vehicle for the adrenergic blocking agents (Fig. 8) . Infusion of this amount of saline into the perfusion circuit did not significantly alter pressure in the lobar artery, the small vein, the left atrium, the main pulmonary artery, and the aorta (Table III) .
Nerve stimulation in the intact animal. The effects of nerve stimulation on mean vascular pressures in the lung were studied in five intact, spontaneously breath- (Fig. 9, middle panel) . Distension of the balloon catheter in the proximal portion of the aorta decreased pressure in the thoracic aorta from 140 to 20 mm Hg but had little or no effect on pressure in the lobar artery or small vein (Fig. 9, right  panel) . Injection of norepinephrine into the root of the aorta increased aortic pressure from 140 to 200 mm Hg but produced little change in pressure in the lobar artery or small vein (Fig. 9, left panel) .
The rise in aortic pressure and the fall in left atrial pressure during nerve stimulation and norepinephrine administration probably results from the effect of catecholamines on cardiac contractility. Inasmuch as the actions of catecholamines on contractility are mediated by beta receptors, the effects of propranolol, a beta blocker, were evaluated. In a group of six dogs the fall in left atrial pressure in response to norepinephrine was completely abolished, whereas the rise in aortic pressure was decreased significantly and slower in onset after propranolol (Fig. 10, Table V) . However, the rise in pressure in the perfused lobar artery and small vein was not changed (Fig. 10 , Table V) . In other experiments the effects of angiotensin, histamine, and prostaglandins F20 (PGFft) on vascular pressures in the dog were evaluated. Injection of angiotensin into the lobar artery increased pressure in the lobar artery, left atrium, and aorta but did not affect pressure in the small vein or main pulmonary artery (Table VI) . Histamine increased pressure in the lobar artery and small vein, decreased pressure in the aorta, but did not (Table VI) . PGF2. increased lobar arterial and venous pressure but did not affect pressure in the aorta, the main pulmonary artery, or the left atrium (Table VI) . Isolated canine and human intrapulmonary vessels. Norepinephrine increased isometric tension in isolated helical segments of intrapulmonary lobar artery and vein from canine and human lung ( Fig. 11 and 12 ). In canine vessels concentrations of norepinephrine from 10-8 to 10' M resulted in a dose-related increase in isometric tension (Fig. 11) 
DISCUSSION
Results of the present study show that sympathetic stimulation increases the pressure gradient across the canine lung lobe. Inasmuch as blood flow was constant and left atrial pressure did not rise, the increase in gradient represents an increase in resistance to flow in the lung. Resistance rose 25, 34, and 43% in the open chest dog at 3, 10, and 30 cycles and was similar in the intact beagle. The increase in resistance was similar in the present study and in a previous study although different anesthetics were used (15) . The increase in resistance at 30 cycles/s was comparable to the increase at 47 cycles/s in the studies of Daly, Ramsay, and Waaler (11) . Results of the present study extend previous findings by showing that the increase in pulmonary resistance was associated with a stimulus-related increase in pressure in small intrapulmonary veins. HUMAN FIGURE 12 Effects of norepinephrine and high potassium on isometric tension output of human intrapulmonary lobar artery and vein. Norepinephrine and 127 mM K+ were added to the bath at the arrow.
These data suggest that the increase in pulmonary resistance in response to nerve stimulation may be mediated in part by constriction of pulmonary veins. Norepinephrine also increased pulmonary vascular resistance and pressure in small intrapulmonary veins, and with both stimuli the rise in venous pressure was consistent even though different representative veins 2-3 mm in diameter were studied.
The rise in lobar arterial and venous pressure in re-$ponse to nerve stimulation and norepinephrine was probably not related to coincident changes in aortic pressure since large changes in aortic pressure produced by balloon distension or intra-aortic norepinephrine had little effect on pressures in the lobe. Experiments with vasoactive substances also support this conclusion. For example, it is possible to observe an increase in lobar arterial and venous pressure in experiments in which aortic pressure was increased (norepinephrine, Table I (20) .
Although it has been reported that the canine pulmonary veins are innervated by the sympathetic nervous system, the effects of nerve stimulation have not to our knowledge been documented before. The effects of nerve stimulation on calculated extrapulmonary venous resistance have been studied by Eliakim and Aviado (21) who reported that stimulation elicited modest increases in calculated extrapulmonary venous resistance in three dogs. However, absolute changes in venous pressure were not reported (21) . Results of the present study are consistent with the studies of Stern and Braun who reported that chemoreceptor stimulation and hypothermia were found to reflexly increase pulmonary venous resistance, and that these effects are mediated by the sympathetic nervous system (22, 23) . The results of Stern and Braun along with the present data suggest a use for adrenergic blocking agents in clinical conditions in which sympathetic activity my be heightened, such as pulmonary edema or pulmonary hypertension (22, 23) .
